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Abstract 
A steel tube drawing process is a forming method to reduce the tube dimensions, such as outer and inner diameters, and 
improve the surface quality simultaneously. The profiles of drawing die orifice and the mandrel are key factors to achieve the 
requirements of tube geometric precision and the surface roughness. The smooth material flow results in a smaller drawing 
force requirement obviously. While the strain distribution through the direction of tube thickness controls the service quality of 
tube due to release of the residual stress. In this paper, optimum drawing die profile designs were proposed using arc and Bezier 
curves, respectively. Design parameters of acr-type and Bezier curve-type drawing dies are studied using design of experiment 
method. CAE simulations were adopted to predict the maximum drawing forces and the mean effective strain deviation along 
the tube thickness direction. The normalized drawing force and strain deviation were adopted for the cost function calculation. 
The confirmation test of Taguchi Method showed the optimum designs are reasonable. The experimental results were carried 
out and verified the proposed designs are feasible. 
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1. Introduction  
Hayhurst et al. (2005) have proposed a two-factor friction coefficeicent calibration model combined the 
Coulomb friction model and the friction factor yield stress model to improve the prediciton of friction behavior of 
metal forming. The stess-strain curves and the calibration curves of friction coefficient all showed marked 
sensitivity to the proposed friction coefficeint. Rubio (2006) have presneted an analyticial methods for prediction 
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the tube drawing load using a fixed conical inner plug. The resulsts had been compared with the FEM data of 
literatures and shown good agreement. It is good for prediction deformation behavior with low cost of simulation 
time. Palengat et al. (2007) have studied the hollow sinking and plug drawing processes of two materials, stainless 
steel 316LVM and coblat alloy L605, using FEM simulation. The elastoplastic constitutive equation with an 
isotropic hardening law was obtained from the tensile test . The hardening law played an important role in 
determination of the final geometry of forming tests. Kubokiet al. (2008) have studied the effect of plug on the 
levelling of residual stress for tube drawing. The plug can not only reduce the thickness of tube but also reduce the 
residual stress level. Ebrahim et al. (2008) have proposed a new upper bound method for tube extrusion die design. 
The optimum die angle was obtained to minimized the power consumption of  tube extrusion. Ghaei et al. (2008) 
have stuided the radial forging of tubes withoud mandrel.  The effect of the tube thickness of tube and the axial 
feed on the axial stress were studied. The maximum axial stress was increased with increasing of the tube thickness 
and the axial feed.  In this paper, optimum drawing die profile designs were proposed using arc and Bezier curves, 
respectively. Design parameters of acr-type and curve-type drawing dies are studied using design of experiment 
method. 
 
Nomenclature 
Af   final tube section area 
Ao   original tube section area 
Df   final tube inner diameter 
Do    original tube inner diameter 
Ld bearing length of drawing die  
Lm bearing length of mandrel 
Lmax,Lmin mximum and minimum loads of tube drawing of the DOE trials 
Li the drawing load of the ith DOE trials 
P0,P1 first and second control points of Bezier curve-type drawing die profile 
P2,P3 third and fourth control points of Bezier curve-type drawing die profile 
P(u) calculated points of Bezier curve using control points 
Rd inlet orifice radius of arc-type drawing die 
tf     final tube thickness 
to     original tube thickness 
u     normalized parameter for Bezier curve 
xi,yi     coordinates of the control points of Bezier curve 
D approach angle of mandrel 
E relief angle of mandrel 
H'  standard deviation of effective strain distribution along radial direction on the exit section of drawn tube 
 
 
2. Tube drawing die design and optimization 
2.1. Drawing die design  
The setup of workpiece (tube) and tools (drawing die and inner mandrel) was shown in Fig. 1. The original tube 
thickness is 1.6 mm, the original outer diameter 24 mm, the final tube thickness 1 mm, and the final outer diameter 
22 mm. The tube material is SAE1010. The profiles of the die orifice and the inner mandrel are the key design 
parameters of a tube drawing process. Two types of die orifice were proposed using an arc-type profile and a 
Bezier curve-type profile as shown in Fig. 2, respectively. The main difference of these two types of die is the 
monotonic and the variable curvatures for the arc-type and the Bezier curve-type profiles, respectively.  The first 
and the fourth control points of Bezier curve-type drawing die are determined according to the die length and the 
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tube outer diameters of workpiece and product, respectively. The x coordinates of the second and the third control 
points of Bezier curve-type drawing die are determined using optimization method, while the y coordinates are 
same as the frist and the fourth control points, respectively. The coordinates of curve profile of a Bezier curve-type 
drawing die is calculated by Eq. (1). 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Geometry and dimensions of tube, drawing die, and mandrel for a tube drawing process, respectively. 
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Fig. 2. Design parameters of arc-type (left hand side) and Bezier curve-type (right hand side) drawing dies. 
2.2. Optimization design of drawing die profiles 
For arc-type drawing die, D, E, Lm, Rd, and Ld are arranged in an L18(61x34) orthogonal array of Taguchi 
method as shown in the colums 2 to 6 of Table 1. An  L18(61x34) orthogonal array is capable of dealing with one 6-
level factor and four 3-level factors for the proposed arc-type drawing die design method. The cost function (CF) 
of the optimization process is calculated by  
) -)/(-(+) L-)/(LL-(L=CF minmaxminiminmaxminii HHHH '''' ,  (2) 
where the drawing load and effective strain were obtained using 2D-FEM simulation (DEFORM). The coulomb 
friction factor 0.05 was adopted for all simulations. The numbers of element is 10,000 with maximum mess length 
0.114mm. The speed of tube drawing is set to 31.66mm/s. The steady drawing load was adopted for each trial 
simulation. The standard deviation of the effective strain distribution along the exit section of a drawn tube was 
adopted to indicate the uniformity of material flow. The weights of the load and the strain deviation were set to 1 : 
1. The response chart and ANOVA analysis were carried out using the simulation results of the 18 trial runs. For 
Bezier-type drawing die, D, E, Lm, y0, x1, x2, and Ld are arranged in an L18(61x36) orthogonal array of Taguchi 
method was shown in the colums 7 to 13 of Table 1. An  L18(61x36) orthogonal array is capable of dealing with 
Direction of tube drawing 
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orthogonal array is capable of dealing with one 6-level factor and six 3-level factors for the proposed Bezier-type 
drawing die design method.   
 
Table 1. L18(61x34) and L18(61x36) orthogonal arrays for arc-type and Bezier curve-type drawing die optimization design. 
Design factors and levels of arc-type drawing die Design factors and levels of Bezier-type drawing die 
Trials Į Lm ȕ Rd Ld Į Lm ȕ y0 x1 x2 Ld 
L1 5 1 10 20 6 5 1 10 12.5 15.75 15.75 6 
L2 5 3 20 60 8 5 3 20 15.0 19.50 19.50 8 
L3 5 5 30 100 10 5 5 30 17.5 23.25 23.25 10 
L4 10 1 10 60 8 10 1 10 15.0 19.50 23.25 10 
L5 10 3 20 100 10 10 3 20 17.5 23.25 15.75 6 
L6 10 5 30 20 6 10 5 30 12.5 15.75 19.50 8 
L7 15 1 20 20 10 15 1 20 12.5 23.25 19.50 10 
L8 15 3 30 60 6 15 3 30 15.0 15.75 23.25 6 
L9 15 5 10 100 8 15 5 10 17.5 19.50 15.75 8 
L10 20 1 30 100 8 20 1 30 17.5 19.50 19.50 6 
L11 20 3 10 20 10 20 3 10 12.5 23.25 23.25 8 
L12 20 5 20 60 6 20 5 20 15.0 15.75 15.75 10 
L13 25 1 20 100 6 25 1 20 17.5 15.75 23.25 8 
L14 25 3 30 20 8 25 3 30 12.5 19.50 15.75 10 
L15 25 5 10 60 10 25 5 10 15.0 23.25 19.50 6 
L16 30 1 30 60 10 30 1 30 15.0 23.25 15.75 8 
L17 30 3 10 100 6 30 3 10 17.5 15.75 19.50 10 
L18 30 5 20 20 8 30 5 20 12.5 19.50 23.25 6 
3. Results and discussions 
3.1. Cost functions and signal-noise ratios  
The strain deviation and the maximum drawing load of the 18 trial runs were obtained using FEM simulations. 
The cost functions and signal-noise ratio were calculated using Eq. 1 and the minimum-the-best optimization 
criterion. The calculated results for the arc-type drawing die optimization were shown in Table 2. The calculated 
results for the Bezier curve-type drawing die optimization were shown in Table 3.  
 
Table 2. Cost function and signal-noise ratio of the arc-type drawing die optimization. 
Trials 
Strain-Effective 
SD. 
Max. die load 
(N) 
Strain-Effective 
SD. CF 
Max. die load 
(N) CF 
CF sum 
CF sum 
S/N Ratio 
L1 0.017 10570.42 0.0000 1.000 1.000 0.000 
L2 0.019 9276.97 0.0199 0.785 0.805 1.881 
L3 0.021 8958.27 0.0542 0.732 0.786 2.084 
L4 0.024 6972.51 0.0905 0.402 0.493 6.139 
L5 0.027 6827.80 0.1351 0.378 0.513 5.781 
L6 0.025 8168.57 0.1080 0.601 0.709 2.982 
L7 0.026 6937.22 0.1249 0.397 0.521 5.647 
L8 0.037 5793.29 0.2685 0.207 0.475 6.454 
L9 0.038 5403.11 0.2903 0.142 0.432 7.276 
L10 0.043 5196.81 0.3602 0.108 0.468 6.588 
L11 0.030 6349.14 0.1705 0.299 0.469 6.560 
L12 0.046 5354.25 0.4029 0.134 0.537 5.396 
L13 0.062 4875.46 0.6239 0.054 0.678 3.365 
L14 0.050 6021.75 0.4583 0.245 0.703 3.056 
L15 0.063 5041.82 0.6349 0.082 0.717 2.884 
L16 0.089 4827.97 0.9946 0.046 1.041 -0.353 
L17 0.089 4545.00 1.0000 0.000 1.000 0.000 
L18 0.078 5684.63 0.8471 0.189 1.036 -0.309 
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3.2. Response chart and ANO
VA analysis 
The response charts of the 18 trial runs for the arc-type and the B
ezier curve-type draw
ing die optim
ization 
w
ere show
n in Fig. 3. B
ased on the response chart, the optim
um
 com
binations of the arc-type die optim
ization 
are D(3)L
m (2)E(1)R
d (3)L
d (2) and  D(3)L
m (1)E(3)P
0 (1) P
2 (3) P
3 (3)L
d (3), respectively. The predicted optim
um
 SN
 
ratio of the arc-type draw
ing die design is 7.971 giving 6%
 error com
pared to the C
A
E predicted value 7.434. The 
predicted optim
um
 SN
 ratio of the B
ezier curve-type draw
ing die design is 15.01 giving 48%
 error com
pared to the 
C
A
E predicted value 7.702. It im
plies the interaction of the design factors for the B
ezier curve-type die design 
should be taken into considerations.  
 Table 3. C
ost function and signal-noise ratio of the B
ezier curve-type draw
ing die optim
ization. 
Trials 
Strain-Effective 
SD
. 
M
ax. die load 
(N
) 
Strain-Effective 
SD
. C
F 
M
ax. die load 
(N
) C
F 
C
F sum
 
C
F sum
 
S/N
 Ratio 
L1 
0.035 
10357.67 
0.192 
0.90 
1.091 
-0.758 
L2 
0.021 
10948.67 
0.031 
1.00 
1.031 
-0.268 
L3 
0.018 
10414.18 
0.000 
0.91 
0.908 
0.834 
L4 
0.022 
7819.44 
0.052 
0.46 
0.516 
5.738 
L5 
0.036 
10638.32 
0.202 
0.95 
1.148 
-1.205 
L6 
0.019 
7893.52 
0.018 
0.48 
0.495 
6.105 
L7 
0.034 
5545.50 
0.181 
0.07 
0.256 
11.824 
L8 
0.034 
7076.97 
0.180 
0.34 
0.517 
5.723 
L9 
0.061 
10532.84 
0.484 
0.93 
1.412 
-3.002 
L10 
0.022 
7705.70 
0.041 
0.44 
0.486 
6.266 
L11 
0.042 
5231.67 
0.277 
0.02 
0.298 
10.498 
L12 
0.080 
10019.49 
0.705 
0.84 
1.546 
-3.788 
L13 
0.031 
6370.80 
0.153 
0.22 
0.368 
8.659 
L14 
0.067 
5529.93 
0.554 
0.071 
0.626 
4.058 
L15 
0.049 
5914.33 
0.346 
0.14 
0.484 
6.294 
L16 
0.106 
6629.12 
1.000 
0.26 
1.260 
-2.007 
L17 
0.076 
7623.81 
0.654 
0.43 
1.085 
-0.711 
L18 
0.073 
5110.90 
0.622 
0.00 
0.622 
4.116 
 (a) 
                                                                                                       (b) 
     
 
Fig. 3. (a) R
esponse chart of the arc-type die optim
ization and (b) response chart of the B
ezier curve-type draw
ing die optim
ization. 
The optim
um
 designs of the arc-type and the B
ezier curve-type draw
ing dies w
ere show
n in Table 4. For arc-
type draw
ing die, the optim
um
 die param
eters are: Į  15 degrees, m
andrel bearing 3 m
m
, E 10 degrees, R
d  60 m
m
, 
and L
d  8 m
m
, respectively. For B
ezier curve-type draw
ing die, the optim
um
 die param
eters are : Į 15 degrees, 
m
andrel bearing 1 m
m
, E 30 degrees, P
0 (y
0 ) 12.5 m
m
, P
1 (x
1 ) and P
2 (x
2 ) 23.25 m
m
, and L
d  10 m
m
, respectively. 
The contribution of the m
andrel approach angle Dand the die profile (R
d  and P
i ) dem
onstrated very high 
significance for both of the arc-type and B
ezier curve-type die design. This finding point out the m
ost im
portant 
design factors of draw
ing die design is the profiles of the inlet die and m
andrel geom
etries.  
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D
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3.3. Effect of inlet radius of arc-type drawing die  
The effective strain distribution for the arc-type drawing die with different approach angles, 5 and 30 degrees, 
were shown in Fig. 4. The maximum effective strain increased with increasing the approach angle. The increased 
strain is helpful to reduced the roughness of the inner surface of tube but might result in fracture if the strain level 
is too high. 
Conclusions 
The proposed two types of tube drawing die design methods are able to give better results of the drawn tubes in 
according to the load requirement and the effective strain deviation along the radial direction on the tube exit 
section. The geometries of the drawing die inlet and the mandrel approach angle are the most important design 
factors for die design optimization. 
 
Table 4. ANOVA analysis of drawing die optimization. 
arc-type drawing die design Bezier curve-type drawing die design 
 
Sum of 
square p-factor contribution (%) significance(%)  
Sum of 
square p-factor contribution (%) significance(%) 
Į 170.256ġ 0.001ġ 80.615ġ 99.9ġ Į 83.4ġ 0.003ġ 25.482ġ 99.7ġ
Lm 0.802ġ 0.492ġ 0.379ġ 50.8ġ Lm 20.931ġ 0.004ġ 6.395ġ 99.6ġ
ȕ 0.412ġ 0.673ġ 0.195ġ 32.7ġ ȕ 0.734ġ 0.113ġ 0.224ġ 88.7ġ
Rd 33.657ġ 0.003ġ 15.936ġ 99.7ġ P0 95.136ġ 0.001ġ 29.068ġ 99.9ġ
Ld 4.183ġ 0.096ġ 1.98ġ 90.4ġ P1 18.982ġ 0.005ġ 5.799ġ 99.5ġ
P2 108.011ġ 0.001ġ 33.001ġ 99.9ġ
error 1.884ġ error 0.093ġ ġ ġ ġ
total 211.195ġ    total 327.287ġ ġ ġ ġ
 
(a)                                                                                                   (b) 
 
 
 
 
 
 
 
 
Fig. 4. (a) Effective strain distribution (Į is 5 deg., Rd 20mm) and (b) effective strain distribution (Į is 30 deg., Rd 20mm). 
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